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Abstract
A method is presented for determining the composition of thin
films containing the elements Bi, Sr, Br, Cu, and Ca. Quantitative x-ray
fluorescence (XRF) consisting of radioactive sources (secondary foil
excitor 241Am-Mo source and 55Pe source), a Si(Li) detector, and a
multichannel analyzer were employed. The XRF system was calibrated by
using sol gel thin films of known element composition and also by
sputtered thin films analyzed by the conventional Rutherford Back
Scattering (RBS). The XRF system has been used to assist and optimize the
sputter target composition required to produce high-Tc BiSrCaCuO films
with the desired metal composition.
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(1) Introduction
Thin films in the broadest sense of the term have been known
to mankind for hundreds and possibly thousands of years. Examples that
come to mind are the layers of paint used by pre-historic man to decorate
caves and, comparatively recently, some of the decorative glazes that were
applied to primitive pottery. However, today thin film technology
normally refers to films deposited on a substrate in a controlled way, often
by some type of atom by atom process [1].
Scientists are interested in thin films, because of their many
useful applications and their properties and because they may possess
physical properties (mechanical, electronic, optical) which are different
from those of the bulk material [1,2].
Thin films have many applications in various fields, including
electronics and optical devices. High-Tc superconducting thin films are
being applied to the development of, for example, microwave components,
optical sensors, radiation detectors and computer switches [2,3].
There are many ways to produce thin films including
sputtering, vacuum evaporation, laser ablation, chemical sol gel, etc.; the
method used depends on the atomic composition and stm.cture required and
the intended application.
The physical properties of tllin films are determined by their
chemical composition, the concentration and the type of impurities, and the
texture of the crystal or non-crystalline structure. Thus, ideally all these
parameters should be known and, if possible, controlled during film
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preparation. It is particularly important to produce a film with the
required elemental composition, and it is therefore desirable to have a
(hon-destructive) method for measuring the composition. Some of these
methods are electron and ion spectroscopy and x-ray fluorescence. Only
an overview of the principles of these methods used for examining the
chemical composition is given.
(1) Secondary ion mass spectrometry (SIMS); the film surface is
bombarded by a beam of ions or atoms with energies in excess of lkeV.
Atoms and cluster of atoms are knocked (sputtered) off the film surface
and subjected to analysis in a standard mass spectrometer [2,4,5].
(2) Rutherford backscattering spectrometry (RBS); a beam of high energy
(IMeV) ions produced by a nuclear particle accelerator is incident on the
film. The energy and number of ions backscattered from the film may be
analyzed to give the film composition [2,4,5,6].
(3) X-rays spectrometry; the intensity of the characteristic x-rays from the
film may be analyzed to determine the chemical composition of the film.
There are several different methods used to excite the characteristic x-rays;
characteristic x-rays may be produced by bombarding the film with
electrons (electron microprobe analysis, EMA), protons (proton induced x-
ray emission, PIXE) or x-rays (x-ray fluorescence, XRF) [2,4,7].
SIMS is particularly sensitive for the measurement of film
impurities but is a destructive analytical technique. RBS is a quantitative
technique in its range of applicability, and is non-destructive if used
properly; however it requires sophisticated equipment and is not available
in most laboratories. XRF is a non-destructive technique and with suitable
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calibration is quantitative. If microscopic resolution is required, then
electron or proton microprobe characteristic x-ray analysis may be used.
Interest in the production of high-Tc supercoducting thin film
at Brock University prompted us to consider methods for determining thin
film composition. The principal objective of this thesis project was to
assemble and calibrate an XRF system at Brock University for quantitative
composition analysis of thin films.
This objective was accomplished in two steps. First the
preparation of the thin film standards with known stoichiometry and
second choosing an appropriate XRF set up for measuring the
characteristic x-ray intensities reproducibly and accurately. Two different
thin film standards were used: (a) chemical sol gel thin film with known
stoichiometry, and (b) sputtered thin films with known stoichiometry as
determined by RBS.
Excitation of the characteristic x-rays from the film was done
by using a radioactive source (which produces line x-rays) instead of an x-
ray tube (which produces continuous x-rays). The radioactive source
excitation produced reliable, reproducible and accurate characteristic x-ray
intensity measurements. Hence, a calibration constant (CA,B) was obtained
for some elements and the system was calibrated for Bi, Sr, Br, Cu, and Ca
in the limit of thin films.
In recent years, a number of investigations of the use of XRF
method to determine the composition of thin films have been reported in
the literature. Some of these methods are ones that use standards for
calibrating the observed intensity ratios of the elements in terms of known
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atomic composition [8,9]. Some of these standards are filter standards [8]
and solution standards [9]. In the case of filter standards, standard
solutions with composition ratios according to the composition of the
specimen are prepared. The standard solutions are transferred to a filter,
the size of which is the same as the sample to be determined. The filters
are then allowed to air dry, adhered to a blank substrate, and analyzed.
The disadvantages of these methods are that the thickness of
the standards can not be measured. Other disadvantage is that continuous
radiation is used which may produce diffraction peaks from the substrate
or the film. These diffraction peaks can interfere with the measured
fluorescent peaks and make the background subtraction difficult. Also by
using a continuous radiation it is difficult to make a theoretical calculation
of the composition.
In this project the type of the standards used is prepared
originally on the substrate and the average thickness can be controlled and
measured. Also the use of the x-ray line source with known energy made a
theoretical calculation of the composition possible and background
subtraction simple.
The outline of the thesis is as follows: Chapter (2) presents
some theory appropriate to XRF, a theoretical calculation of the calibration
constant and a theoretical model calculation of the absorption and
secondary fluorescence effect. Chapter (3) describes the experimental
apparatus of the XRF system. Chapter (4) describes methods of preparing
thin film standards. Chapter (5) explains the difference of the x-ray
spectra obtained both from the radioactive source and an x-ray tube. Also
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shown are the details of the XRF x-ray spectra from the sources and the
substrates and the analysis of the intensity measurements. In chapter (6)
and (7) the experimental measurements of the calibration constant (CA,B)
for sol gel thin film standards and the sputtered films of known
composition as determined by RBS are presented. Chapter (8) gives some
of the applications of the XRF to the production of the high-Tc
superconducting thin films produced at Brock University. Chapter (9)
contains the conclusion.
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(2) Theory
(2.1) Introduction:
In principle x-ray fluorescence analysis is a very simple
technique. An x-ray beam strikes the sample to be analyzed in order to
create inner-shell vacancies in the sample atoms; a detector records the
corresponding characteristic x-rays produced. The intensity of the
characteristic x-rays is a measure of the number of corresponding sample
atoms. A brief summary of these fundamentals will be given.
(2.2) Characteristic X-rays:
Figure 2.1 shows the binding energies of electrons in the
subshells of an atom and the corresponding quantum numbers (n 1 j) [10].
A characteristic x-ray photon ( energy Ec,p ) may be emitted when an
electron undergoes a transition to a vacant state in subshell with larger
binding energy. This photon energy is given by Ec,p = Bf - Bi , where Bi
and Bf are the binding energies of the electron in its initial and final state
respectively.
Table 2.1 gives the conventional notation for the principal
(large intensity) K and L x-rays. The principal x-rays obey the quantum
number selection rule;
iiI =± 1 , ~j =0 , ± 1
i.e., transitions take place only between levels whose 1 quantum numbers
differ by one and whose j quantum number differ by zero or one [10]. The
6
relative intensities of the different K x-rays and L x-rays have been
measured and are tabulated in the literature [11].
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Fig. 2.1 A diagram of a higher energy x-ray levels for the uranium atom
and the transitions between these levels allowed by the selection rules.
Kal =K - LIII
Ka2 =K - LII
K~l =K - MITI
(2.3) Fluorescence yield:
Table 2.1
Lal =LIII - Mv
La2 =LIII - MIV
L~l =L11 - MIv
Not all electron vacancies will result in the production of
characteristic x-rays. A significant proportion of the electron transitions to
the initial vacancy result in the emission of an Auger electron rather than
8an x-ray photon [7,12]. Figure 2.2 gives an example of the emission of an
Auger electron.
For vacancies in the K shell (for example), the Auger process
is initiated when an outer electron such as an Ll electron fills the hole. The
energy released can be given to another electron such as an L1 electron
which is then ejected from an atom. In this case the energy of the outgoing
electron is Ke =BK - 2BL as indicated in figure 2.2.
eKe
••••
M{---
1\111
L3 • • • • • • • •
L2 • • • •
L1 • • • •
--o---.t-----
Initial K vacancy
E=BK
• •
Initial state
E=O
K
Auger transition
K= BK - BLl- BL1
=BK- 2BLI
Fig. 2.2 Auger transition corresponding to an initial K hole which is
filled with an Ll electron and simultaneously the otller Ll electron is
ejected.
The probability of the Auger process can be found from the
fluorescence yield ( ffi ). For example, the fluorescence yield for the K
shell vacancy, ffiK is the average number of the K x-ray photons produced
per K shell vacancy, and similarly for the L shell vacancy. It is a function
of both the atomic number and the location of the initial vacancy [4,12,13].
(2.4) Photoelectric absorption:
Two different radiations can be used to create inner-shell
vacancies: (1) photon radiation (x-rays), or (2) charged particle radiation
(electrons, protons, alpha particles, etc.).
In the x-ray fluorescence, photon excitation is used. The
photons can interact with the atoms in the sample by four different
processes: photoelectric, pair production, Rayleigh (elastic scattering) and
Compton (inelastic scattering). The first two absorb photons completely,
while the last two only scatter them.
The probability that a photon will interact with an atom is
expressed in terms of the total cross section ( aT ), which is the sum of the
scattering ( (Js ), photoelectric ( (JPE ), and pair production ( (JPR ) cross
sections. The elastic and inelastic scattering cross sections are small if the
photon energy is smaller than lOOkeV, which is the case in our experiment,
and the minimum photon energy needed to create an electron positron pair
is 1.022MeV. Therefore, the interaction between the x-ray photons and the
atoms in the sample, in our case, is dominated by photoelectric absorption.
In the photoelectric absorption of a photon, the photon energy,
Ep, is completely converted and transferred to an electron which is ejected
from the atom with kinetic energy Ke =Ep - B , where B is the binding
energy of the electron. This process requires a n1inimum energy equal to
the binding energy, B, of the electron.
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The probability that a photon will undergo photoelectric
absorption is expressed in terms of the photoelectric cross section, apE,
which is defined as
10
N
apE = Int (2.1)
where N is the number of photons absorbed in a thin sample, thickness
t(cm) and atomic density n(atoms/cm3) when bombarded by I excitor
photons incident normally on the sample surface; apE has the units of
cm2jatom.
Figure 2.3 shows the photoelectric cross section, (JPE, as a
function of the photon energy for the strontium atom. The photoelectric
cross section exhibits sharp discontinuities called absorption edges which
occur at the binding energies for the different electrons in the strontium
atom. The photoelectric absorption is energetically possible for Ep > B but
is forbidden for Ep < B; consequently there is a discontinuous decrease in
apE as Ep is decreased through an absorption edge [7,10,12].
apE increases with decreasing Ep and increasing atomic
number (Z). For example, the predicted cross section per atom for
photoelectric absorption on a K shell electron is [15]
8n . ( 1) (mc2!7apE - _.-. (e2jmc2)2 4{2 _.- Z5 -- .
- 3 137· . Ep (2.2)
The very strong Z dependence of aPE reflects the fact that a K shell
electron becomes much more tightly coupled to the nucleus with increasing
Z.
10 6-.----------------.....
S 10
4
0
~~
enQ
~
~
Q
102 aT......Q
0
-.0
t)
Q)
en
en
en
0
~
u
10°
(JS (elastic)
10-2-+---------....-__-...- .......- _____
10° 101 10 2 103 104
Energy ( keV )
Fig. 2.3 The scattering, photoelectric, and total cross sections for the Sr
atom [14].
(2.5) Absorption of Mo K radiation in Bi2Sr2CalCuillx film:
As an example in the present work, consider the photoelectric absorption
of Mo Ka x-ray used as excitor photons ( Ep =17.441 keY ) incident on
1 1
a superconducting oxide film BizSr2CalCU20S. The fraction of the incident
photons absorbed is
12
10 - 1 t10 . = 1 - e -J,tmP
where P is the density of absorber (g j em3),
t is the thickness of the film (cm).
J,tm is the mass absorption coefficient (cm2jg)
For a multielement film
J,tm = :LWi J,tmi
1
(2.3)
where Wi is the weight fraction of element i in the oxide and Jlmi is its mass
absorption coefficient.
Table (2.2) list the fraction of Mo Ka x-rays absorbed in the oxide for
different thickness.
Table 2.2
Film *p Jlm Fraction absorbed
gjcm3 (cm2jg) 1 kA 5 kA 10kA
Bi2Sr2Ca1CU20g 6.5 91.474 0.006 0.029 0.058
* The value of p was taken from reference [16].
(2.6) X-ray fluorescence cross section:
The Ka x-ray fluorescence cross section, aKa, is a measure of
the probability that an atom will absorb an excitor photon and produce a
Ka x-ray. aKa, is related to the photoelectric cross section apE by [17]
1
aKa = apE (l - JK) (OK fKa (2.4)
Where JK is the K shell jump ratio and (l - i
K
) is the fraction of
the photoelectric absorptions which produce a K shell vacancy.
(OK is the K fluorescence yield.
fKa is the fractional x-ray emission rate (the fraction of Ka
emission over the total K emission).
A similar equation is used for the L x-ray lines.
c. Bhan et ale [17] have reported very good agreement between
the measured and calculated x-ray fluorescence cross section for certain
elements, but regrettably not for the elements we have to measure.
(2.7) Measurements of the stoichiometry of films:
Using the XRF technique the stoichiometry of a sample is
determined from the number of counts in the fluorescent x-ray peaks of the
spectrum ( the x-ray yield ).
(I) Thin samples: For thin samples, where photon absorption is
negligible, the x-ray yield of each peak is [13,18]
13
where n
dO
Y =n (j 10 t e 41t
is the number of atoms per unit volume (atoms/cm3).
is the x-ray fluorescence cross section of an element for a
given characteristic x-ray line (cm2/atom).
(2.2)
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10 is the photon intensity, that is the number of photons striking
the sample per second.
is the detector efficiency for the characteristic x-rays from an
element.
t is the thickness of the sample (em).
dO is the solid angle subtended by the detector (steradian).
One is generally interested in measuring the relative
concentrations, nA ,of elements A and B in a sample, so that only the ratio
nB
of the x-ray yields, ~~ , is required. The stoichiometry ratio is then
(2.3)
If the detector efficiency for x-rays from element A and B is 1000/0 (i.e.EA
= EB ) and element A and B are fluoresced simultaneously by the same
source then 10 and dQ are the same for the two elements in the sample,
then the stoichiometry ratio can be written as
Where CA,B
(2.4)
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Equation 2.4 has a linear relationship between the atomic ratio
nA d th· · · YAh h · 1· · crB
- an e IntensIty ratIO Y ,were t e proportiona Ity constant IS - ·
~ B ~
The constant CA,B can be determined by two ways: (a) theoretically using
the fluorescence cross section, cr, and (b) experimentally uSIng a
representative set of thin film standards of known stoichiometry.
fa) Theoretical calculation of CA,B: For a given exciting energy and a
given x-ray line (say Ka) the constant CA,B is determined as
1
0" crPB (l - J ) (OKB f KClBC - B_ KBA B - - - -----==------
, cr 1
A crPA (l - JKA ) (OKA fKClA
where the values of crp and JK, (OK ,and fK were taken from references
[14], [11], and [19] respectively.
This constant has been calculated theoretically for CCu,Z
(25<Z<39) using Mo K excitor radiation. The values of the theoretical
results are shown in table 2.3 and plotted versus Z in figure 2.4.
Table 2.3
Z 26 28 29 30 32 34 35 36 38
CCu,Z 0.524 0.819 1 1.23 1.66 2.24 2.56 2.95 3.63
4......------------------------.
3
N
::fU 2
U
1
16
25 30 35 40
Atomic number (Z)
Fig. 2.4 A graph of a theoretical calibration constant of Ccu,z versus Z.
(b) Experimental determination of C A.B"';' The constant CA,B was
y
determined experimentally by measuring the intensity ratio y~ from thin
films of known stoichiometry nA as in equation 2.5. This represents an
nB
experimental calibration of the XRF system.
(2.5)
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Two different sets of thin film standards were used for
generating a reliable calibration of the XRF system. The first set of
standards was a set of sol gel films with known chemical composition and
second set of standards was a set of sputtered films of known nA as
nB
determined from RBS.
(II) Thick samples: In thick films, absorption and secondary
fluorescence may be come significant. Secondary fluorescence is expected
when the incident radiation has a high photon energy, and there is an atom
A that absorbs the incident radiation very strongly and produces a
characteristic x-ray that fluoresces atom B. The measured x-ray yield ,Y,
can be written in terms of primary ,Yp, and secondary ,Ys, fluorescence as
Y=Yp+Ys
Y=Yp (l+Ys.)Yp
Y=Yp(I+S)
where S is the secondary fluorescence factor.
(2.6)
If absorption is taken into account, the primary x-ray yield
,Yp, is expressed as [18]
dO
Yp =n 0' 10 £ 41t a
where a is the absorption factor given by
(2.7)
a = 1, . [1 _e-(/lm + /lm')pt ](Jlrn + Jlrn ) p
Jlm and /lm' are the mass absorption coefficients of the sample for the
incident radiation and for the characteristic radiation of an element
respectively.
P is the mass density of the sample.
Equation (2.7) assumes, for simplicity, normal incidence of
the exciting photons and backward x-ray detection; this is a reasonable
approximation to the XRF system geometry used. Then the relative
llA
concentration, -- , of elements A and B in a sample can be written as
llB
18
llA _ Y A ()B (l + S B) aB
llB -YB ()A (1 + SA) aA
(2.8)
Equation (2.8) assumes that the detector efficiency from
elements A and B is 100% and that elements A and B are fluoresced
simultaneously with the same source (i.e. Io,t ,and ~~ are the same).
(2.8) Absorption and secondary effect:
The secondary fluorescence factor, S, can be estimated
approximately using the following model:
The model aSSllmes that all primary x-rays from A (NpA) are
produced at the center of the film and are emitted in all directions,S ,with
equal probability. Figure 2.5 shows a schematic diagram of the model,
where d and t are the diameter and the thickness of the film respectively.
In this project t ~ 5000A and d '" O.8cm (i.e. ~ '" 6x10-5)
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Fig. 2.5 Schematic diagram of a model used to calculate the secondary
fluorescence.
The secondary fluorescence from B which is produced by
absorption of the primary x-rays which leave the center of the film in the
range of e and de is
AN - 1 N· 2n sine . [ t/2 ] llB OBA
L.1 SB,A - 2 PA 21t de. 1 - eXp-(/lAcoSe) /lA
where ; NpA 21t2~ne de is the number of the primary x-rays from A
produced in the direction of 8.
[1 - eXP-(/lAc~;e)] is the fraction of primary x-rays absorbed along
their way out to the film stlrface.
fiB ()BA
J.!A is the fraction of primary x-rays which are absorbed that
produce characteristic radiations from B.
J.!A is the linear absorption coefficient for the primary x-rays from
A in the film.
()BA is the x-ray fluorescence cross section of element B from
x-rays from element A.
The total secondary fluorescence from B produced by absorption of
primary x-rays of A is
nl2
NSB,A = 2 f L\NSB,A
8=0
20
nl2
f[1 - exp-(J.LA t/2e)] sine decos
8=0
In order to calculate approximately the above integral the function
t/2y =[ 1 - exp-(J.LA-e.)]cos
was approximated by
and
t/2
Y= JlAcosa
Y=1
for 0 < a< 8'
for et < e< nl2
and when S = a' t/2JlA-·-= 1
cosS
This approximation of the integral is an over estimate of NSB,A- Then the
integral can be written as
Sf
nB ()BA f t/2 . n/2N SB,A ::::; NPA f.!A {f.!A --;-e sine de + Jsine de }
cos Sf
o
nB (JBA tN SB,A ::::; NpA f.!A [ f.!A "2 { - In(cose') } + coset]
21
where
Hence
Also
Sf tcos = f.!A "2
Now the secondary fluorescence factor of B from A is
If B has secondary fluorescence contributions from several different
elements j, then the sum of all secondary fluorescence factors is taken.
SB =I,SBj
j
The contribution of absorption and secondary fluorescence of equation
(2.8) was calculated for Cu and Bi present in Bi2Sr2Cal CU20g thin film
(SOOOA)_ In this film, for example, Cu has secondary fluorescence
contributions from two atoms (Bi and Sf), and Bi has secondary
fluorescence contributions to its L lines from Sr. Hence equation (2.8) has
(1 + SB) aB nen nen
a correction factor [( 1 +. SA) a
A
] of 0.95 for _.- and 0.96 for -.
nSf nBi
These corrections are small and comparable to the accuracy of the XRF
measurements and therefore are not significant in most cases considered in
this work. For an ideal thin film, tl1ese corrections are equal to one.
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(3) Apparatlls
The x-ray system used in this project consisted of an x-ray
source, thin film sample, and an x-ray photon energy spectrometer
including detector, pulse amplifier, and multichannel analyzer (MCA).
Figure 3.1 shows a block diagram of the system.
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Fig. 3.1 Block diagram of the apparatus.
(3.1) X-ray Source:
Two sources of x-ray radiation were available for use in this
experiment; (i) an x-ray tube (continuous radiation), and (ii) a radioactive
source (monoenergetic radiation). One source may hold an advantage over
the other depending on the analytical problem involved.
(i) X-ray Tube:
Electrons are accelerated from a filament (cathode) across a
potential difference of a maximum 60 kV to a metal anode (in our case
molybdenum). X-rays are prodllced in collisions between the electrons and
the anode atoms. Most of the electron energy is converted into heat and
not to x-rays, and therefore it is essential to water-cool the anode target to
prevent its melting [12].
(ii) radioactive Sources:
Two different radioactive sources were used in this project,
100mCi241Am and lOmCi55Fe sources. The 241Am source emits y-rays of
energy 59.5 keY and the 55Fe source emits photons of energy 5.894 keY.
In order to get the best efficiency in exciting the sample atoms,
the excitation energy of the source should be just above the absorption edge
of the element in the sample. For this reason several radioactive sources
with a variety of monoenergetic photons are needed in order to excite a
wide range of elements in the sample. For this reason, a secondary source
excitation can be used. In this process, the monoenergetic photons from
the radioactive source are used to excite a target of known element. This
will result in the production of x-rays characteristic of the atoms in the
target. These target x-rays are in tum used to fluoresce the elements in the
sample to be analyzed.
For example, the 241Am radioactive source was used to
produce a secondary photon of energy 17.441 keV from a Mo secondary
target. This secondary photon can be used efficiently to fluoresce
characteristic K x-rays from elements with 20 ~ Z ~ 39. On the other
hand 55Fe source was used to fluoresce elements with 17 ~ Z ~ 20. Figure
3.2 shows a schematic diagram of a radioactive source with and without
secondary targets.
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Fig. 3.2 Schematic diagram of a radioactive source with and without
secondary targets.
(3.2) Detector:
The detector used in this project was an EO & 0 ORTEC Si(Li) x-ray
detector which converts an x-ray photon into an electric pulse [20]. The
amplitude of this electric pulse is proportional to the energy deposited by
the photon in the detector. It is operated at the temperature of liquid
nitrogen (770 K) and at a bias of -1200 Volts. The electric charge pulses
produced by the detector are transferred to the pulse amplifier then to the
multichannel analyzer (MeA).
(i) Detector energy resolution:
The amplitude of pulses due to x-ray photons of energy E are
distributed around a particular value Ep as shown in figure 3.3, where Ep
is equivalent to E.
In figure 3.3 the counting rate is equivalent to the number of
pulses having a particular amplitude. If the width of the curve at half its
maximum height is AE and if Ep is the mean pulse amplitude, then the
energy resolution, R, of the detector is R = ~:. The smaller R (or the
smaller AE) the better the resolution [12,21].
Usually AE is measured from a standard reference Mn Ka line
of energy 5.894keV (Ep). The AE in our case is 0.178keV; therefore, the
resolution R = ~: of the Si (Li) detector is 3.0% at 5.894keV.
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Fig. 3.3 Detector resolution spectrum
(ii) Detector Efficiency:
The efficiency is the number of x-ray quanta absorbed by the
detector (Na) per the number of x-ray quanta incident on the detector (Ni),
. Nal.e. Ni x 100%.
The detector used has a thin beryllium (Be) window through
which the x-ray energy photons must pass before reaching the active part
of the detector (Si(Li) part). Note that the photon absorption by the
detector depends on the energy.
Figure 3.4 shows that:
(a) for x-ray energy photons with energy about 3 - 25 keY, the efficiency
is about 80 - 100%
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(b) for x-ray energy photons with energy less than 3 keY, the efficiency
decreases to zero due to the Be window absorption of low energy photons.
(c) for x-ray energy photons with energy greater than 25 keY, the
efficiency tends to zero due the very high energy photons passing through
the Be window and Si(Li) detector without getting absorbed.
100101
Be Windows
O.0125mm(O.5mil)
O.0075mm(O.3mil)
O. 025mm (lmil)
0.1
100....--..._...............~......- ...-.:l)~~,.,-rr--...~~..........................
Photon energy
Fig. 3.4 Detection efficiency diagram [20].
(3.3) Multichannel Analyzer (MeA):
It is designed to sort pulses from the detector into channels
according to their energy. A Packard Bell computer was used to display
the energy distribution as the number of counts in each channel vs. the
channel number; this distribution is called the MCA spectrum.
If the x-ray energy photons that have to be examined range
from 0 - 20keV and the MCA has 1000 channels, then the spectrometer
amplifier gain is set so that each channel spans an energy of 20eV.
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(4) Thin Film Preparation
(4.1) Introduction:
Since the discovery of the Bi-Sr-Ca-Cu-O superconductor,
several techniques have been employed to prepare these thin films. They
include techniques such as magnetron sputtering [22], vacuum evaporation
[23], laser ablation [24], and chemical sol gel techniques [25].
(4.2) Sputtering Method:
The sputtering system used to prepare thin films was
assembled at Brock university. It has a US GUN II R. F. Planar
Magnetron sputtering source with three independent water cooled targets
of 25mm in diameter and 3mm thick. The sputtering source may be
operated either using an R.F. or a D.C. power supply and the system was
pumped with a high vacuum pump of a cryo type. Figure (4.1) shows a
schematic diagram of the sputtering system. Thin films of Bi-Sr-Ca-Cu-O,
Bi-Ca-Cu-O, and Sr-Ca-Cu-O were prepared from different targets:
(i) Sintered Tar2ets.: These targets were prepared using the desired
stoichiometric amount of Bi203, SrC03, CaC03, and CuO powders. These
amounts were mixed together and ground for 1hr. to a very fine powder in
a mortar with two pestles. The fine powder was then heated at -840° c for
24 hr. and was left inside the oven to cool down. The heated sample was
then ground again, pressed into tablets of a diameter of 25mm, and heated
again for 3 days at 816°c.
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(ii) Melt Cast. Tar2ets; These targets were obtained by mixing the
desired stoichiometric amount, then casting the melt in a copper mold of a
diameter of 25mm. Subsequently, annealing at 7500 c was done to improve
the thermal conductivity of these targets. The simplicity of making these
targets allowed us to easily change the composition of the targets to obtain
films of a different composition. These targets were found to be denser
than the sintered target and to take more power.
To cryopump
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Fig. 4.1 A schematic diagram of the sputtering system
The targets were sputtered onto single crystal MgO substrates.
The sputtering process was generally carried out at different pressures,
power, and time to obtain different thicknesses of thin films. The
thicknesses of the thin films were measured approximately by using an
optical interferometer.
(4.3) Chemical Sol Gel Method:
The term sol gel is derived from the definition of sol and gel.
A sol is a suspension of solid particles in a liquid. A gel on the other hand
is defined as a two-component system of a semisolid nature, rich in liquid
[26].
The basic idea of this method is to prepare a metalorganic
solution of the required chemical composition and then to form a thin film
of this solution on the substrate. Finally, the thin film solution is dried to
form a sol gel film of known stoichiometry.
The preparation techniques used were developed from those
described by Hussain and Sayer [25] and by V. Slusarenko et al. [27].
Unfortunately their prescription is not always successful for the chemical
compositions we required. It was found that the addition of EDTA
(Ethylenediaminetetra-acetic acid disodium salt) assisted in the formation
of a solution of the required chemical composition.
A stoichiometric mixture of the required metal nitrates was
dissolved in distilled water in the desired proportion and mixed with
EDTA, acetic acid, and ethylene glycol. The molar ratio of EDTA to the
total metal nitrate was fixed at two, which appears to be the minimum ratio
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needed to dissolve all the nitrates. The ethylene glycol was used partly as a
solvent, but also to make the solution viscous and homogeneous.
Consequently, the concentration and the viscosity of the solution can be
adjusted as required. The prepared solution was heated for several hours
at low temperature with stirring sometimes to completely dissolve the
metal nitrates.
A variety of thin films of different chemical compositions and
thickness were produced on quartz substrates using the prepared solution.
The thin films were formed by either dip coating the substrate into the
solution or by placing small drops on the substrate. After the coating, the
films were dried either in air or by firing the film on a hot plate. The
coating and drying were repeated if necessary until a desired film thickness
was achieved. The thicknesses of the films were measured by using an
optical interferometer. The films were not always of uniform thickness;
the average thickness of the films varied from O.l)lm to 3)lm.
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(5) X-ray spectra
(5.1) Choice of x-ray source:
Initially the analysis of thin films was performed using x-rays
from a Mo x-ray tube. Because the beam was collimated (Imm), this
technique had the advantage that it could be used to sample various regions
of the film and hence, check for homogeneity. Also all the atoms of the
film can be fluoresced simultaneously. However, the disadvantages greatly
outweighed the advantages. It was found that the continuous radiation
from the x-ray tube was diffracted from the underlying single crystal
substrate and produced structure in the spectra which made background
subtraction and fluorescent peak intensity determination less certain. Also
the realignment of the film to reproduce the XRF beam-sample-detector
arrangement was difficult.
To avoid some of these difficulties it was decided to use a
radioactive x-ray source. This had the advantage of eliminating diffraction
from the substrate and providing a much smoother background in the
spectra. However the ability to sample various regions of the film was lost
due to the fact that the entire film was illuminated simultaneously. Figures
5.1 and 5.2 show spectra of BiSrCaCuO film on MgO substrate fluoresced
by using both the x-ray tube and the radioactive source. It can be seen
from these figures how the diffraction peaks interfered with the fluorescent
peaks in figure 5.1, whereas in figure 5.2 the fluorescent peaks are
superimposed on a smooth background.
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Fig. 5.1 X-ray spectrum from Bi-Sr-Ca-Cu-O film on MgO substrate.
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Fig. 5.2 X-ray spectrum from Bi-Sr-Ca-Cu-O film on MgO substrate.
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The XRF calculation method of the thin film analysis requires
the precise knowledge of the energies of the excitor. The radioactive
source made the calculation of the thin film stoichiometry from the
measured fluorescent yield ratios simple. Also it was necessary to know
the full energy peaks spectrum of the excitor to ensure that there are no
extra energy peaks in addition to the major emission peaks. The choice of
the radioactive source and the secondary target to fluoresce elements
present in the film is determined by considering factors such as optimum
excitation efficiency and peak interference. Sometimes, the sample
contains more than one element and in order to efficiently excite all of
them, two or more excitor sources are used.
(5.2) Radioactive source spectra:
In this work two radioactive sources were used, Am241-Mo
and 55Fe sources. The Am241-Mo source was used to produce fluorescent
K x-rays of Cu, Br, Sr, and L x-rays of Bi, and the 55Fe source to produce
fluorescent K x-rays of Ca. Figure 5.3 shows an energy spectrum of
Am241-Mo source. It consists of two lines MoKa and MoK~. These lines
have specific energies of 17.441 keVand 19.605 keY respectively. Figure
5.4 shows on the other hand an energy spectrum of the 55Fe source which
consists of two lines Mn Ka (5.894 keY) and Mn Kf3 (6.489 keY).
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(5.3) MgO and Quartz substrate spectra:
(il Am241-Mo Source: Typical XRF spectra of MgO and quartz
substrates fluoresced with Am241-Mo source are shown in figure 5.5.
They consist of the usual Mo K lines produced by the source and two
additional peaks produced by the Compton scattering of MoKa and MoK~
lines. The two spectra have a very smooth and featureless background and
no Mg or Si from the substrates nor Ar from the air is detected.
Substrates fluoresced
by Mo source. Compton t .J
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Fig. 5.5 X-ray spectra from MgO and quartz substrates.
(jj) Fe55 Source: Figure 5.6 shows the similar features of a quartz
substrate fluoresced by the Fe55 source. It consist of Mn Ka and Mn K~
lines produced by the source. In addition to these lines the spectra have
two fluorescent lines; Si Ka line from the quartz substrate and an Ar line
produced from the Ar atoms in the surrounding air. This Ar line was
removed by introducing nitrogen gas into the radioactive source assembly
as shown in figure 3.2.
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(5.4) Analysis of the fluorescent x-ray spectra:
The goal of this analysis is to determine the net area YNet,
above the background, of the full energy peaks; it is measured as the
number of counts accumulated under the peak. Consider the fluorescent x-
ray spectrum of a CuSr film on a quartz substrate fluoresced with the
Am241-Mo source as shown in figure 5.7. It consists of simple isolated
peaks superimposed on a flat background. The region of interest for a
single peak is defined by two channels, A and B, which are chosen to mark
where the peak meets the background. A and B are located an equal
number of channels from the center of the peak.
The total area, Y Tot, of each peak is determined by adding up
the counts in the region of interest, between A and B. The background of
each peak, YBkg, is the number of counts in the area of the rectangle
between channels A and B with a height equal to the average number of
counts per channel of three channels to the left of channel A and to the
right of channel B. Therefore, the net area YNet is obtained from
YNet = YTot - YBkg
The statistical error of the net area is given as
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(6) Calibration of XRF system ysin2
sol gel films
( 6.1 ) Introduction:
The calibration technique described in this section uses sol gel
films which are assumed to have the same chemical compositions as the
mixtures from which they were prepared by depositions on a quartz
substrate. Since the sol gel films were not uniform in thickness the average
value was estimated. Any film that is free of thickness dependence is
suitable for use as a standard in determining the calibration constant CA,B
for thin films.
( 6.2 ) Cu-Br sol gel films:
A typical fluorescent x-ray spectrum of Cu-Br film on quartz
substrate is shown in figure 6.1. It shows four characteristic lines (Cu
Ka,K~ and Br Ka,K~). Only the data for the Ka lines were analyzed. The
XRF measurements of the net yield (Ynet) of Cu Ka and Br Ka lines are
shown in table 5.1 with their ratios. These measurements were taken for
sets of Cu-Br films made from two different compositions (CutBrt,
CU2Brt), counted for Ihr.
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Fig. 6.1 X-ray spectrum of Cu-Br sol gel thin film.
The results of the yield ratio in table 6.1 do not indicate any
systematic dependence on film thickness. The reproducibility of the
solution used to make films 5.1a-5.1c was proven by the use of a replica
solution to produce film 5.1d. Film 5.1a was fluoresced twice, the results
of the second run are listed as run 2. The two results prove the
reproducibility of the XRF measurements within the expected precision.
The average values of the calibration constant for Cu and Br
(CCu,Br) are shown in table 6.2. This table was provided to show if there
is any difference between CCu,Br measured from the two different film
compositions. The two different film compositions gave the same CCu,Br
within the statistical precision and there is no thickness effect evident from
these results.
Table 6.1
Film Film # nCu/nBr Net Yeu Net YBr YCu/YBr
composition
CUI Brl 5.1a(O.6 Jlm) 1 2350 ± 66 5845 ± 88 0.402±0.017
run 1
run 2 1 2351 ± 66 5756 ± 86 0.408±0.018
5.1c(1.1 Jlm) 1 4759 ± 81 13165 ± 118 0.361±O.OO9
5.1d(0.9Jlm) 1 3779 ±76 9377 ± 103 0.403±0.013
CU2 Brl 5.2a(O.3 Jlm) 2 2807 ± 81 3864 ± 81 0.726±0.036
5.2b(2.0Jlm) 2 8594 ± 103 10748 ± 107 O.800±O.O18
Table 6.2
44
Film
CUI Br1
nCu/nBr
1
2
Average
CCu,Br
2.55 ± 0.05
2.63 ± 0.08
Overall Average
CCu,Br
2.57 ± 0.04
( 6.3 ) CuSr sol gel films:
Three different film compositions were used to determine the
calibration constant for Cu and Sr ( Ceu,sr). Two films contain Cu and Sr
only and one film contains Bi, Sr, Ca, and Cu. The fluorescent x-ray
spectra of CuSr and BiSrCaCu films are shown in figures 6.2 and 6.3
respectively. Both these films were fluoresced with an 241 Am - M 0
radioactive source. Only the Ka characteristic lines of Cu and Sr were
analyzed.
...--------------------......Ik CuSr sol gel film/quartz
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Fig. 6.3 X-ray spectrum of BiSrCaCu sol gel thin film.
Table 6.3 contains the net yield of Ka lines of eu and Sr from
the three films counted for Ihr. The results in table 6.3 do not indicate any
systematic dependence on film thickness.
The results of the average values of CCU,Sr are tabulated in
table 6.4. The difference observed between the CCu,Sr measured from the
different film compositions could not be attributed to thickness effect as it
was seen from table 6.3 that there is no systematic dependence on thickness.
Also these differences can not be attributed to not having the right film
composition because it was seen later from the yield ratios in table 6.5 that
these films do have the right composition. The only error which can be
attributed to these differences is due to the statistical measurements.
Table 6.3
Film Film # neu/nsr Net Yeu Net YSr YCu/YSr
composition
CUlSrl 5.3a(O.6Jlm) 1 2736±68 9322±112 O.293±O.Oll
5.3b(2.6Jlm) 1 lO879±109 37819±189 O.288±O.OO4
CU2Srl 5.4a(O.6Jlm) 2 5240±84 9398±113 O.558±O.O16
5.4b(O.6Jlm) 2 5159±83 8802±106 O.586±O.O16
5.4c(1.6Jlm) 2 6959±97 12302±123 O.566±O.O14
Bi2Sr2CaCu2 5.7a(.24Jlm) 1 1975±73 7337±110 O.269±O.O14
on quartz
Bi2Sr2CaCu2 5.7b(1.lJlm) 1 4841±82 18281±146 O.265±O.OO7
onMgO
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Table 6.4
Film neu/nsr Average Overall Average
composition CCu,Sr CCu,Sr
CUI SrI 1 3.44±0.07 3.56±0.04
CU2 SrI 2 3.51±0.05
Bi2Sr2CaICU2 1 3.75±0.11
( 6.4 ) CuBi sol gel films:
The calibration constant for Cu and Bi (Ccu,BD was calculated
similarly as before. For Bi, however, the measurements of both La, and
L~ were analyzed (see figure 6.4 for CuBi film). Table 6.5 contains the
XRF measurements of the net yield of Cu Ka lines and the sum of the La
and L~ with their ratios counted for Ihr. Again, here, there is no
dependence on thickness evident from these results. The fact that yield
ratios were doubled when the film composition, Deu/fiBi, was changed from
one to two indicates that the assumption made in the beginning for films
having the right composition is valid.
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Fig. 6.4 X-ray spectrum of CuBi sol gel thin film.
The average values of CCu,Bi are tabulated in table 6.6. They
are in agreement with each other within the statistical precision.
Table 6.5
Film Film # Expected Net Yeu Net YBi YCu/YBi
nCu/nBi
BilCUl 5.5a(0.2Jlm) 1 1501±69 9473±376 0.158±0.014
5.5b(0.9Jlm) 1 3731±78 24480±490 0.152±0.006
5.5c(1.4Jlm) 1 5982±90 38311±613 0.156±0.005
BilCU2 5.6(0.24Jlm) 2 2186±78 7134±359 0.306±0.026
BizSrzCaCuz 5.7a(.24Jlm) 1 1975±73 12796±422 0.154±0.011
on quartz
BizSrzCaCuz 5.7b(1.lJlm) 1 4841±82 31329±564 0.155±O.OO5
onMgO
Film
composition
1
2
1
Table 6.6
Average
CCu,Bi
6.44±0.21
6.54±O.56
6.47±0.25
Overall Average
CCu,Bi
6.47±0.17
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( 7 ) Calibration of XRF system using sputtered films of known
composition as determined by RBS
(7.1) Introduction:
This section describes the calibration of the XRF system using
sputtered films of known composition as determined by the well established
method, RBS. Three different sputtered films SrCaCuO, BiCaCuO, and
BiSrCaCuO were prepared from sintered targets of nominal composition
of SrtCatCutOx, BitCatCu30x, and Bi2Sr2CatCu20x respectively. The
thickness of the films (.... 1500A) was chosen to give the simplest possible
RBS spectrum consisting of separate peaks for the different elements.
(7.2) Composition measurements using RBS:
RBS is a widely used method for the non-destructive
determination of the composition of thin films and the analysis is simple
and quantitative. Monoenergetic particles ( MeV He ions ) in the incident
beam collide with target nuclei and are scattered backward into a detector.
Measurements of the intensity and energy of the scattered particles
provides a direct measure of elemental composition.
Figure 7.1 shows a typical backscattering geometry. Particles
scattered from the surface atoms have an energy given by Et =KEo ,
where K (the kinematic factor) is a function of Mt, M2 and 9. This shows
that the energy after scattering is determined by the mass of the particle
target atom and the scattering angle. The incident particles lose energy in
penetrating the target along the incident path (dEin), in the elastic
scattering process (dEs), and along the exit path (dEout). Therefore the
energy of a particle scattered from a depth t is given by [10,14]
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An actual backscattering spectrum (8=170°) for 2.9MeV He++
ions incident on SrCaCuO thin film taken at the University of Western
Ontario is shown in figure 7.2. The area,A , the total number of counts
integrated through each peak in figure 7.2 is given by [10,16]
where L\t is the effective path length.
n is the detector solid angle (steradian).
Q is the number of the incident particles in the beam.
(J is the differential scattering cross section (cm2 per steradian).
N is the number of target atoms per cm3 .
(7.1)
1aD
o
ffI)
22
Energy
24 26
aD aD
Channel
2B 30
52
Fig. 7.2 RBS energy spectrum obtained with 2.9MeV He++ ions from
SrCaCuO thin film on MgO substrate.
Therefore the concentration ratio of two elements A and B is
NA _ AA (jB
NB - AB (jA
and since the scattering cross section is proportional to Z2 , then
(7.2)
(7.3)
The area of the RBS peaks and the XRF yields of the three
sputtered films are tabulated in tables 7.1 and 7.2 respectively. The Cu, Sr,
and Bi XRF yields were measured using Am241-Mo radioactive source and
the Ca yields using the 55Fe source. Thus, the XRF calibration constant
was calculated for these films from composition as measured by RBS and
the XRF yields. The calibration constant CA,B is tabulated in table 7.3
Table 7.1
1 2 3 4 5 6 7
RBS MEASUREMENTS
L He++ Film Acu ASr ABi Acai
n Beam
e
1 2.9MeV SrCaCuO 34178±602 25390±528 ----- 5258±252
2 4.0MeV 13970±120 10270±102 ----- 2130±50
3 2.9MeV BiCaCuO 19282±476 ----- 248600±1616 2355±85
4 4.0MeV 7780±95 ----- 99880±319 -----
5 4.0MeV BiSrCaCuO 16671±142 27676±173 94730±314 -----
Table 7.2
3 8 9 10 11
XRF MEASUREMENTS
Film net Yeu netYSr netYBi net YCa
SrCaCuO 7062+113 11103+144
----- 33217+249
BiCaCuO 2590+80 ----- 25985+543 9799+156
BiSrCaCuO 2096+65 7152+100 9569+344 8007+137
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Table 7.3
1 12 13 14 15 16
CA.B Calculations from sputtered films
Line Elements NA=AA (~:r C _NAlNB AverageA,B- YAfYB CA,B
NB AB ZA
A B
1 Cu Sr 2.311±O.089 3.63±O.16 3.61+0.10
2 2.336±O.043 3.67±O.11
5 1.034±O.015 3.53±O.21
3 Cu Bi 0.635±O.020 6.37±O.53 6.45+0.29
4 0.638±O.010 6.40±O.43
5 1.442±O.017 6.58±O.52
1 Cu Ca 3.092±O.203 14.54+1.30 14.65±0.74
2 3.119±O.100 14.67+0.82
3 3.894±O.237 14.73+1.59
1 Sr Ca 1.338±O.092 4.00±O.36 4.00+0.21
2 1.336±O.045 4.00±O.22
The three independent measurements for CCu,Sr, are in
excellent agreement. Similarly for the other calibration constants. These
results do not indicate any systematic difference in constants which can be
related to thickness effect. The results for CCu,Ca are obtained from two
independent sputtered films and agree with each other in the limit of the
statistical precision. This is true also for CCu,Sr and CCu,Bi.
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On the other hand only two measurements obtained for CSr,Ca
from one film and it is acceptable as long as the film is considered to be
thin. To double check this a computer simulation was done to the
SrCaCuO film to determine the effective thickness and the atomic density
of the film. By choosing the density to be 6xI022 atoms/cm3, the simulation
gave an effective thickness of 150oA. Hence, from equation 2.8 one can
estimate the secondary fluorescence (SSr, Scu, and SCa) and absorption (asr,
d ) ·b· {. (1 + SB) a B } d · f d bacu, an aCa contn utlon I.e. S - an It was oun to e(1 + A) aA
ncu nSr0.96 for - and 0.99 for - .
llsr Ilea
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where SSr and SCa equal to zero and Scu =0.0458
aSr =1.496xIO-5 , aCa =1.480xIO-5 , and acu. = 1.495xIO-5 cm.
This is another independent way to show that the film is considered to be
thin. Also the product of CSr,Ca x CCu,Sr (=14.44) should have the same
value as for CCu,Ca (=14.65), which is the same within the measured
errors. This is again another independent way to check for thickness
effect.
The results of the calibration constants C A,B for some
elements independent of thickness obtained from standards of sol gel films,
sputtered-RBS films, and from the theoretical calculations are shown in
table 7.4. The results of CCu,Bi CCu,Sr from the sputtered films and the
sol gel films in table 7.4 are in agreement with each other within the
estimated errors. For the case of Ca and Br measurements, results for
CCu,Ca, CSr,Ca, and CCu,Br are obtained only from one calibration
method.
The agreement between the results of the two experimental
methods and the theoretical calculations from chapter 2 table 2.3 lead to the
conclusion that either calibration technique is satisfactory and although the
calibration technique is different, the constants are independent of film
composition in the limit of thin films.
The error figures of the constants include the uncertainty in
the RBS and XRF yields. These errors could have been reduced had the
yields been measured for longer time to improve the statistical precision.
Table 7.4
Elements CA,B
A B Sol ~el Sputtered-RBS Calculated
Cu Br 2.57+0.04 ----- 2.56
Cu Sr 3.56+0.04 3.61+0.10 3.63
Cu Bi 6.47+0.17 6.45+0.29 -----
Cu Ca ----- 14.65±0.74 -----
Sr Ca ----- 4.00+0.21 -----
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(S) Application of XRF to Sputtered films
(S.l) Introduction:
The XRF method of determining the composition described
previously has proved to be very useful for checking the reproducibility of
sputtered films under certain conditions and for evaluating the effects of
various sputtering parameters such as substrate-to-target distance, substrate
temperature and eventually target structure and composition on the gross
composition of the sputtered films.
(8.2) Stability of the Sputtering Machine:
It was very essential to ensure that the sputtering machine can
produce films with the same composition if all parameters such as gas
pressure and sputtering power are kept fixed. An extensive series of
measurements on sputtered films was made in the beginning. All the
sputtering machine targets which were used were sintered targets with
nominal composition Bi2Sr2CalCU20x. The maximum power these targets
can take was found to be 20 Watts otherwise arcing starts. It was found
that the effect of increasing sputtering power is to increase the film growth
rate. The gas pressure was kept at Ar/02 20/10 mTorr. Table (8.1)
shows some representative XRF results of the sputtered films produced
before [S.la), b), c)] and after [8.ld), e)] establishing the reproducibility of
operation of the sputtering machine0
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Table 8.1
Film # Thickness YCulYBi YCulYSr
8.1a 0.7kA 0.124+0.018 0.499±O.068
8.1b 4kA 0.092+0.003 0.352±O.013
8.1c 3.8kA 0.072+0.002 0.445±O.015
8.1d 1.8kA 0.084+0.007 O.425±O.033
8.1e 2.7kA 0.084+0.004 O.425±O.O19
The results of the table (8.1) illustrate the improved reliability
of the sputtering machine to produce films with the same composition.
Due to preferential sputtering, however, the composition of the films may
not be the same as the target material. This is the case for the film data in
tables 8.1, 8.2 and 8.3. It is evident that films 8.1a - 8.1c gave different
results which was eventually found to be due to some leakage in the
sputtering machine and a problem in the pressure gauges. After all the
problems were found and fixed, XRF measurements showed that the
sputtering machine operated reproducibly to produce films with the same
composition, see film 8.1d and 8.1e.
(8.3) Optimizing Target Composition and Other Parameters:
Up to this stage all the targets were sintered targets with
nominal composition Bi2Sr2CalCU20x and the substrate-to-target distance
was kept fixed at 22cm. This combination of parameters has some
disadvantages: (1) it takes about 20 - 22 hr to sputter a film with thickness
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of .... 30ooA, (2) the target can not be used again if it is sputtered for that
time, and (3) it takes about 5 days to make a sintered target. Therefore, it
was necessary to find a way to increase the process of sputtering. Hence,
the substrate-to-target distance was decreased to 12cm and new targets
were prepared by melt-casting the powder in a copper mold. These targets
were found to take more power and last longer than sintered ones, hence,
the sputtering time is less and the film growth rate increases.
XRF measurements were used to show that the initial melt cast
targets had different composition at the surface and in the bulk. This was
done by x-raying the surface of the unaltered target, then the target was cut
in half and the interior was x-rayed. The targets were heated at 750°c to
make them homogeneous and to reduce their thermal resistivity_ Table
(8.2) gives representative XRF results which shows the difference between
films produced from sintered target and melt-cast target with nominal
composition Bi2Sr2CalCU20 x.
Table 8.2
Film # Target YCulYBi YCulYSr
8.2a Sintered 0.089+0.002 0.465+0.012
8.2b Melt-cast 0.063±0.002 0.411±O.016
The new melt-cast targets are very easy to make which enables
us to change the composition very easily to produce films with the desired
composition. Various targets with different composition were made, but
the results for only three targets will be discussed here. Table (8.3) shows
the results of sputtered films produced from three different melt-cast
targets and different substrate temperature.
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Table 8.3
Target no. Target Compositions
Bi Sr Ca Cu
A 2 2 1 0.6
B 2 1.88 0.94 1.43
C 2 1.88 1.69 1.43
Target Film# Sub.temp Film composition
°c I1cu Ilcu Ilea
OBi nSr I1cu
A D12 730 0.36+0.03 0.36+0.02 -----
B D23 700 1.05+0.14 0.91+0.08 -----
J3 650 0.80+0.09 1.48+0.12 -----
annealed 0.80+0.09 1.43+0.12 -----
J2 -730 1.41+0.16 1.06+0.07 0.26+0.03
J6 670 0.97+0.10 1.31+0.10 0.25+0.03
C M21 --- 0.69+0.06 1.07+0.06 0.47+0.04
annealed --- 0.72+0.06 1.08+0.06 0.41+0.03
M20 - ...- 1.21+0.10 1.07+0.06 0.36±0.03
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The XRF method of determining the composition using the
calibration constants was particularly useful for evaluating the effects of
various sputtering parameters such as target composition and substrate
temperature on the gross composition of the thin films. It should be
mentioned here that there was no total control of the substrate temperature
due to instrumental problems. The results of table 8.3 illustrate the
improvements of the thin film composition by changing these parameters.
The first optimization measurements were done only for the
content of Bi and Sr relative to the Cu. and that can be seen from the first
four entries of table 8.3. After the XRF was calibrated for Ca , the Ca
content was measured and target B was found to produce film with
deficiency in Ca. However target B proved to produce films with the
expected composition of Bi, Sr, and Cu (i.e. BiI, SrI, and CUI) as can be
seen from film D23. None of the films produced from target B or prior to
that showed any sign of superconductivity.
Therefore the XRF was particularly useful for predicting the
amount of Ca which leads us to alter the target composition by increasing
the amount of Ca in target C. Because of the enrichment of Ca in target C,
supercond~cting films with the desired phase (2212) were obtained. For
example, film M20 gave two transitions one at 112K and zero resistance at
76K after post annealing in air as shown in figure 8.1. Also the XRF
demonstrated that post annealing of the film, which is necessary to produce
high Tc thin films, has no affect on Bi, Sr, Ca, and Cu. This can be seen
from the results of post annealing of films J3 and M21.
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Fig. 8.1 Resistivity measurements of film M20 annealed in air.
(9) Summary and Conclusion
It has been successfully shown that the XRF system assembled
at Brock University is capable of providing reliable and accurate
determination of the stoichiometry of thin films. The system has been
calibrated for Ca, Cu, Br, Sr (K x-rays), and Bi (L x-rays).
The methods used for calibrating the XRF system required (a)
the preparation of sputtered thin films. (b) the preparation of sol gel thin
films. (c) the use of the RBS technique for analyzing the sputtered films.
The results of the measurement of the thin film XRF
calibration constant, CA,B, obtained by using sol gel films and sputtered-
RBS films are in excellent agreement with each other and with the simple
theoretical calculation using the fluorescent K x-ray atomic data (table 7.4).
The results of the theoretical calculations using the L x-ray atomic data
available did not give reliable results. The calibration results show that (i)
either sol gel or sputtered-RBS films are suitable for calibrating the
system. (ii) it suggests that the same calibration constant can be obtained
from different films regardless of film composition. (iii) if calibrated films
containing the elements of interest are difficult to prepare then a theoretical
value for the XRF calibration constant may be calculated and used, in
certain cases. We have shown that correct (that is, in agreement with
experiment) theoretical values may be calculated for those elements whose
K x-ray energies are in the range from ~6-20keV, since this range
corresponds to a known detector efficiency of 100% and absorption along
the air path from film to the detector is negligible. The L x-ray atomic
data [11], [14], [19] available to us did not permit sufficiently accurate
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theoretical calculation to be done. (iv) the results from the very simple
XRF apparatus agree with those obtained from the more sophisticated RBS
system.
Theoretical estimates have been made for absorption and
secondary fluorescence effects in a film. It was feasible to create from the
beginning a theory capable of estimating the significance of these effects.
The effects in the sputtered-RBS films used for calibrating were shown to
be small enough to be ignored. The total composition and the mass of the
sol gel films were not known and so no theoretical estimation was made.
However from the experimental results it can be seen that there is no
contribution evident from these effects.
With the calibration method described, it is easy to prepare
different standards and quickly calculate a calibration constant for certain
elements. The calibrated XRF system was used to measure the composition
of sputtered BiSrCaCuO films. In particular, it was used to determine the
sputtering target and operating parameters that were required to prepare
superconducting films. Since the determination of the stoichiometry was
accurate and non-destructive, other physical properties were measured.
Other significant results of this work is that it was useful to assist and
monitor the production of high-Tc thin films. Unfortunately the
determination of the oxygen content using this method could not be done.
The application of the XRF system to determine other
elements in thin films would require the preparation of additional standard
films for calibration.
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